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Abstract:
In this paper, energy analyses were made for investigating ternary fission in
neutron-induced fission of U235 and U238 using the Neutron Induced Fission Fragment
Tracking Experiment (NIFFTE) collaboration’s fission time projection chamber (TPC) data. The
Neutron kinetic energy was calculated from neutron time of flight (nToF) for energy ranges of
0.1 to 32 MeV. Along with this, the Stopping and Range of Ions in Matter (SRIM) software was
used to simulate alphas going through an argon gas target in order to calibrate observed energy
loss of alphas from ternary fission.

Introduction:
The goals of this analysis were to find the neutron time of flight with a wraparound
correction for measuring ternary to binary fission ratios in the energy range from 0.1 to 32 MeV
using the Neutron Induced Fission Fragment Tracking Experiment (NIFFTE) collaboration’s
data [1], and to analyze energy loss rates due to stopping in the argon drift gas with the Stopping
and Range of Ions in Matter (SRIM) program [16].
Every nucleus is composed of neutrons and protons which are held together via the strong
nuclear force. This force has to be strong enough to overcome the electromagnetic force which
repels protons in close proximities. Fission is the process by which a massive nucleus (typically
from an actinide target) breaks up into two or more fragments. Fission can happen either
spontaneously (a.k.a. radioactive decay), for more massive and unstable nuclei, or through a
collision with another particle [2]. In this experiment, fission events are neutron induced. The
most common type of fission event results in two fragments; this is known as a binary fission
event [2]. By contrast, a ternary fission event results in three fragments. According to the
published literature, for every 1000 binary events only about 1 or 2 of those events are ternary.
Despite the small probability of ternary fission events, they still play an important role in nuclear
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fission processes.

Figure 1: Diagram of a typical neutron induced fission event. [10]
To understand how energy is produced with fission it is important to know that the sum
of the masses of daughter fission fragments is less than that of the parent nucleus. This missing
mass gets converted into energy via the mass-energy relation
2

∆𝐸 = ∆𝑀𝑐

(1)

where c is the speed of light, ∆𝑀 is the change in mass, and ∆𝐸 is the change in energy. Unlike
typical chemical reactions, nuclear reactions release large amounts of energy. For example, CO2
formation from carbon burning in oxygen will only release about 4.08 MeV while a nuclear
fission reaction will release roughly 50 times this amount [2].
This energy can be harnessed and used as a clean and sustainable energy alternative. The
United States currently holds the lead in terms of nuclear electricity generation capacity by
generating an estimated 98.12 kW of power from nuclear fission [15]. However, this could be
better. Other countries like France have a larger share of all of their energy coming from nuclear.
In fact, in France, about 70% of their total energy comes from nuclear, while in the United States
it only accounts for about 20% of the total energy produced [12]. A large part of the reason why
more of our energy isn’t coming from nuclear is because of fears that have grown around the
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term ‘nuclear’. Between the nuclear meltdowns (e.g., Chernobyl) and other threats (e.g., the
bombing of Hiroshima); the general public has become hesitant about nuclear processes.
However, it is important to keep in mind that power plant safety has improved over time and
with lessons learned after each accident, so the probability of one of these meltdowns happening
again are relatively slim, whereas the threat that climate change has on everyone is a much larger
and more immediate concern. With that said, regaining the public’s trust in nuclear energy by
expanding research is a first step towards a cleaner energy future.

Experimental Design:
Pulsed neutron beam:
The NIFFTE collaboration utilizes a pulsed neutron beam provided by the Los Alamos
Neutron Science Center (LANSCE). In Figure 2, this is the 90L beamline in Target 4, and it has a
flight path length of about 7 to 15 meters [8]. The beam accelerates protons in an energy range
from 0.1 to 600 MeV in micropulses and macropulses at a tungsten target which results in
spallation. From this, neutrons, gamma rays and charged particles are emitted in all directions.
Collimators (cement shielding with small bore holes) direct the fast neutrons at an actinide target
(for our purposes these are U-235 and U-238) in the central cathode of the fission TPC to induce
fission events.

Figure 2: Map of the LANSCE WNR research facility. [7]
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Fission TPC:
To track these events the fission Time Projection Chamber (fission TPC) [1] is used. The
fission TPC is a 15 cm diameter two-chamber MICROMEGAS time projection chamber that
takes cross sectional measurements to track the neutron induced fission fragments in 3D. The
fissionTPC is unique from other time projection chambers in the sense that it is a high precision
(less than 1% uncertainty) and high accuracy gaseous particle detector with nearly 4π
acceptance. The barrel of the fissionTPC, seen in Figure 3, has a mixture of Ar gas and 5%
isobutane. When charged particles travel through this gas mixture they ionize the gas and
experience energy loss. The gas is operated at 550 torr to have the particles of interest range out
in the active region. From this energy loss, the initial energy of the particles can be calculated.
Note that the data used in this analysis is from NIFFTE’s TTree data structure, based on the
CERN ROOT software package [13]. Figure 4 shows an event display of deposited energy in the
fissionTPC for a ternary fission event, with the two fragments.
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Figure 3: Diagram of the fissionTPC. [1]
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Figure 4: Ternary fission event ionization tracks from the fissionTPC. [1]

SRIM:
The Stopping Range of Ions in Matter (SRIM 2013) [14] program was used to simulate
and analyze stopping of alphas with 5-20 MeV going through a 15 cm wide argon gas target.
SRIM was originally a DOS based program, but in 1989 it was converted to Windows and its
calculations are made using a Monte Carlo method based approach. Within SRIM is the
Transport of Ions in Matter (TRIM) program which makes calculations for the kinetics of the
simulations run. For this project, the output of SRIM simulations were evaluated using CERN’s
ROOT [14] software and Jupyter [14] notebooks.
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Methods:
nToF tau-value and Wraparound correction:

Figure 5: Neutron-time-of-flight (nToF) technique from LANSCE. [6]
In Figure 5, the method for using the neutron and photon time-of-flight (nToF and γ-ToF)
to ultimately obtain neutron energies is displayed [6]. This approach to calculating neutron
energies revolves around the fact that the beam at LANSCE provides neutrons in pulses. The
pulses come from proton micro and macropulses hitting a spallation target which results in the
production of neutrons in micropulses and macropulses. Then, the neutrons reach the detector
where their time of flight from the spallation target to the detector is determined. In order to be
able to get the neutron energy from this information, the path length needs to be known.
The path length can be obtained by determining the time it takes photons, traveling at the
speed of light, to reach the detector. This is the tau value. The tau value sets a fixed path length
from which the neutron energy calculations are made. It can be obtained by plotting the
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distribution of nToF values for all detected events, with the vertical axis corresponding to the
number of events (counts). This plot is the nToF spectrum, shown in Figure 7 in the next section,
and it contains a small peak at the beginning of the spectrum followed by a larger curve. This
smaller curve is known as the photofission peak. These are fission events in the detector that
were induced by photons which arrive first, before the neutrons. All subsequent entries are
caused by neutrons with varying energies. The fastest neutrons have the shortest nToF and the
slowest neutrons have the longest nToF. Applying a gaussian fit and taking the mean of the fit
returns the tau value.
One challenge that presents itself with this method is that neutrons travel at different
speeds which results in wraparound events. Wraparound happens when fast neutrons from newer
pulses catch up to slow neutrons from prior pulses and cause a pileup of low energy events in the
high energy region. This can be corrected by letting the experiment run for a short period of time
after the last micropulse is sent to capture the micropulse tail of the data. From this, a double
exponential fit can be applied to the micropulse tail. Then, integrating and creating a ratio
between the number of counts above this fit and those below yields the number of wraparound
events that need to be corrected from the data. Details are presented in the next section.
SRIM simulations:
The SRIM program was used to simulate the stopping ranges of alpha particles as they go
through the argon gas in the fissionTPC. This simulation was replicated for 1000 alpha particles
of energies 5 MeV, 10 MeV, 15 MeV, and 20 MeV.
Below, in Figure 6, is the TRIM interface window. For the purposes of this analysis,
information about sputtering and target damage are not needed, so a quick calculation (based on
the Kinchin-Pease model) was used. This decision was made to expedite the calculation because,
depending on the parameters that the program is given, they can take a long time to complete.
Several target layers can be added (in this analysis only one was needed). The width was set to
15 cm to allow for analysis of the alphas in a volume similar to that of the fissionTPC. Then,
argon was selected as the target element (Note: the fissionTPC uses an argon gas mixture).
Selecting the box for gas targets sets the layer density to a default value (the default was used).
For the ion, helium was used since we are interested in alpha particles entering argon gas. The
angle of incidence was arbitrarily set to 45 degrees. Under the “Ion Data” header the energy of
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the alphas can also be adjusted. At the bottom, under the “Special Parameters” heading, the
number of ions can be chosen, this was set to 1000. Also, the plotting window depth was set to
15 cm (note that this is in angstroms on the interface window).
To obtain the output files, the bottom right hand side of the interface window has a list of
different output files under the “Output Disk Files” header. These output files are sent to a
directory within the SRIM package (the “SRIM-Outputs” directory). These files can be saved,
overwritten or appended. The “Transmitted Ions/Recoils” file box was selected to obtain the
TRANSMIT.txt files. This file contains the kinetics of ions that are transmitted through the target
[13]. The entry next to the EXYZ.txt file was set to 10000 eV, which results in the ions’ position
being taken for 10 keV energy-loss increments (be conscious that leaving this entry blank means
that the file will not be created). The EXYZ.txt file contains information about the ion positions
and energy loss of ions at each of the specified energy increments.
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Figure 6: SRIM interface window with settings used to simulate 20 MeV alphas entering a 15cm
wide argon gas target.
From the EXYZ.txt file energy loss of the alphas as they go through the argon gas target
can be analyzed by plotting their Bragg curve [11]. The Bragg curves are created by plotting the
stopping energy versus the distance that the alphas travel before stopping, as shown in Figure 11
in the next section. From this, an integration up to 8 cm was done to determine the total energy
deposited in that distance and compared with that of the full spectrum. Also, fits can be applied
to the Bragg curves to compare their energy loss profiles. Comparison of these different Bragg
curves can provide insights into the energy loss differences of the different energy alphas and
will help inform further analysis of NIFFTE data.
Information on the energy loss in the target at different energy increments is contained in
the EXYZ.txt file. From it, the total energy loss at some distance within the gas can be plotted, as
shown in Figure 13 in the next section. From this we can infer the expected fraction of incident
energy that will be detected for each alpha in the NIFFTE data.
It should be noted that the ROOT program, developed by CERN, was used to process the
SRIM output files. ROOT is a C++ based program that was made for particle physics data
analysis, but can and has been used for other applications as well [14]. In addition to this, Visual
Studio Code was used to make plots with NIFFTE’s TTree data. Visual Studio Code is a source
code editor that can be used in several different programming languages, but for this analysis
C++ was used [9].

12

Results and Discussion:

Figure 7: Full spectrum of neutron time of flight from the cathode signal. The photofission peak
has a red box around it and is shown in larger scale in Figure 8.
Figure 7 displays the full spectrum of nToF versus the number of counts for U8/U5 data
from the fissionTPC. This plot was created using NIFFTE data from the fissionTPC. Note that a
red box was placed around the photofission peak. A zoomed in version of this graph that focuses
on the photofission peak is shown in Figure 8. The photofission plot has a gaussian fit over it.
From this fit a calculation of the mean (the tau value) was extracted; the output is displayed in
Table 1. Parameter 2 (p2) is the tau-value. The speed of light (exact) is 29.9792458 cm/ns [3], to
match the units that the tau value is given in. Note that the tau value is determined to be 27.2 ns.
From here, multiplying the speed of light with the tau value yields the path length in centimeters,
which in this case is 815.4 cm or 8.15 m from the spallation target to the fissionTPC target.
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Figure 8: Zoomed in nToF plot from figure 5 (photofission peak) with a gaussian fit applied.
Once the tau value (pathlength) is known, the neutron kinetic energy “nKE” can be calculated
from the neutron time-of-flight and distance, as indicated in Figure 5. An exact calculation of
neutron kinetic energy, in MeV, using the fully relativistic formula and the tau value can be done
with the following equation.
2

1

𝑛𝐾𝐸 = (

2

− 1)𝑚𝑐

(2)

1−β

Where m is the neutron mass, c is the speed of light, and β, the speed of the neutrons, is given by
the following equation.
β=

τ
𝑡

(3)

Where t is the nToF, and τ is the extracted tau value (path length).
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Parameter

Value

Error

Offset
(counts)

174.134

4.189

Amplitude
(counts)

1837.82

37.89

Mean (ns)

27.2342

0.0183

Sigma (ns)

1.0224

0.0173

Table 1: Output parameters from the gaussian fit applied to the photofission peak.
Figure 9 displays the full spectrum of micropulses after the macropulse was sent. A
zoomed in version of this histogram is shown below it in Figure 10 which focuses on the
micropulse tail. A double exponential fit was applied to the micropulse tail and an integration
between the number of counts above and the number of counts below that fit line can be obtained
to make a wrap-around correction of the data. Any histograms of results plotted vs. neutron
energy can be corrected statistically using the wraparound in nToF to subtract additional counts.
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Figure 9: Whole spectrum of the number of counts versus time since the last micropulse was
sent.
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Figure 10: Zoomed in histogram from Fig. 9 of the final micropulse in this macropulse with a
double exponential fit (in red) applied to the micropulse tail to form the wraparound correction.
In Figure 11, the Bragg curves for alphas of energies 5, 10, 15, and 20 MeV are
presented. Notice that each of the curves have different profiles and end at different positions.
One trend that can be seen here is that the higher energy alphas travel further before ranging out,
while the lower energy alphas lose their energy in a shorter distance. The percentage of total
energy loss at 8cm (when compared with that of the integral of the full spectrum) is listed in
Table 2. Also, their Bragg curve profiles are sharper for the lower energy alphas, whereas the
higher energy alphas produce a mostly flat Bragg curve within the volume of the fissionTPC.
This shape difference can be useful in distinguishing low and high energy alphas in the NIFFTE
data, even when the alphas don’t deposit all their energy in the gas volume, although the ability
to accurately identify the alpha’s initial energy becomes nearly impossible.
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Figure 11: Bragg curves for alphas of energies 5 MeV, 10 MeV, 15 MeV, and 20 MeV entering a
15 cm wide Argon gas target.

Alpha energy [MeV]

Percentage of total energy
loss at 8cm [%]

Uncertainty in percentage of
total energy loss [±]

5

100.0

N/A

10

61.0

1.0

15

26.3

0.5

20

15.4

0.4

Table 2: Output of percentage of total energy lost by the 8 cm mark for each of the respective
energy alphas. This is the outcome from integrating up to the 8 cm mark and dividing by the
incident alpha energy.
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Figure 12 shows the length versus ADC signal reading for alphas that were identified as
ternary candidates in the fissionTPC. That is, the starting point of the alpha track was determined
to originate near the start of the fission fragment tracks in this event, similar to the event display
shown in Section 2, Figure 4. The red lines on the figure separate the different alpha populations
of interest (there are six populations in total). These different regions indicate different areas
where the alpha characteristics are subject to different detector effects that require further
exploration. The green lines are there to distinguish the differences of the amount of energy
deposited for different lengths within the fissionTPC. As can be seen in the figure, there is a
large population of alphas within the region between 5 and 7 cm. Comparing these with the
results from the SRIM simulation of the energy deposited versus distance shown in Figure 13, it
is apparent that higher energy alphas (15 and 20 Mev) deposit less energy than lower energy
alphas (5 and 10 MeV) for the same distance traveled. Further, the horizontal lines superposed on
the Bragg curves in Figure 11 show that the energy loss per unit length of the lower energy
alphas is always larger than that of the higher energy alphas within the detector volume and
drops with increasing alpha energy.
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Figure 12: Length versus ADC (detected energy) for ternary candidate alpha tracks separated by
regions of different detector systematics.
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Figure 13: Plots of the energy deposited in the argon gas within 8 cm for each of the different
energy simulated alphas. The higher energy alphas (15 and 20 MeV, right) deposit less energy
overall, compared to the lower energy alphas (5 and 10 MeV, left).
Discussion:

The percentage of total energy loss at 8cm for the different energy alphas is higher for
lower energy alphas (note that 5 MeV alphas lose all of their energy before they reach the 8cm
mark). This is due to the fact that they have less energy in total, so they range out quicker. Also,
higher energy alphas have a flatter Bragg curve profile. For this simulation (15 cm argon) only
the energy that is contained within the window gets its kinetic data included in the EXYZ.txt file
(the leftover energy from transmitted ions isn’t included). These results that were obtained with
the SRIM simulation can be used with the length versus ADC plot from actual data from the
fissionTPC to better understand the characteristics of ternary fission alphas.
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Conclusions and Future Work:
The goals of this analysis were to obtain an updated photofission peak tau-value, from
which calculations of neutron kinetic energy are made; to make a wraparound correction in the
nToF data; and to simulate alpha particles of different energies entering an Ar gas target. The
results of this analysis are encouraging as they agree with expectations from other analyses of
NIFFTE data and the literature, so they can provide us with tools to finalize the measurement of
ternary to binary fission ratios as a function of neutron kinetic energy. In the near term, the alpha
energy loss simulations will be used to define new analysis cuts for identifying the energy of the
ternary alpha particles while the nToF and wraparound analysis will be used to establish the
energy dependence of the observed ternary-to-binary ratios. Previous work on these
measurements is limited to thermal neutrons (below 1 electron-volt) and monoenergetic 14 MeV
neutrons, while NIFFTE is capable of measuring the ratio as a function of neutron energy from
0.1-32 MeV. These novel results will expand our understanding of neutron-induced fission
reactions and enable us to better predict the kinematics and characteristics of fission.
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